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The thermal performances of several types of vertical ground heat exchangers (GHEs) for ground source
heat pump system have been investigated with different operation mode. Short time period of operation,
discontinuous of 6 and 12 h operations in a day, and continuous operation modes were applied in the
GHE system. The short time period of operation includes discontinuous 2 h operation in cooling mode
and alternative operation mode with operating the GHE in cooling process and heating process to
provide hot water supply. The models of three types of vertical GHEs, including U-tube, double-tube, and
multi-tube GHEs, were built and simulated using the commercial computational ﬂuid dynamics software
FLUENT. The heat exchange rates of the GHEs have been investigated. The numerical results show the
reasonable agreement with the experimental results. The off-time period in the discontinuous operation
and extracting heat from the ground in the heating process in the alternative operation mode contrib-
uted signiﬁcantly to the increasing the heat exchange rate. Operating the GHEs with different operation
mode shows the different characteristic in their heat exchange rates. It can be constructive information
for design of the GHE system in practical engineering.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
Geothermal energy as environmentally friendly energy source
with wide range of applications such as for space heating and
cooling, hot water supply and applications in the agricultural ﬁeld
has been used in practical engineering. Thewell-known application
is for space heating and cooling in residential and commercial
buildings with using ground source heat pump (GSHP) system.
Recently, the vertical type of ground heat exchanger (GHE) has been
widely used in this GSHP system. The vertical GHE exchanges heat
to or from the ground. The relatively high initial cost to build this
system due to the installation obstructs to the spread of the system
in applications particularly in residential building.
The research and developments of GSHP technology with the
various models and design/simulation techniques was described in
a detailed review of models and systems of vertical GSHPs [1]. A
number of analytical [2e7] and numerical [8e10] solutions have
been developed. It provides a better understanding in heat
exchange processes and a valuable basis in engineering application
of GHE system. Numerical methods are widely used to consider the: þ81 952 28 8587.
a).
All rights reserved.complex problem due to simpliﬁcation of these methods. Numer-
ical models have been developed using the commercial computa-
tional ﬂuid dynamics (CFD) software FLUENT to analyze a borehole
thermal resistance [11]; temperature variation of ground around
the GHE [12]; and the thermal resistance of water ﬁlled borehole
[13].
The performance of the vertical GHEs descends gradually due to
the heat buildup in the ground around the borehole with operation
time. Discontinuous operation mode and alternative operation
mode in short-time scales are described to effectively alleviate the
heat buildup in the ground around the borehole and then, improve
the system performance of the GHEs [14].
We investigated experimentally the performance of three types
of GHEs, including U-tube, double-tube, and multi-tube GHEs, in
cooling mode with continuous operation [15] and discontinuous
short time period of operation [16]. In continuous operation, the
heat exchange rates are high in the beginning of operation. After
speciﬁc hours of operation, the heat exchange from circulated
water to the ground increases the temperature of the ground
around the borehole and then, the heat exchange rate declines
slightly.
Operation mode of the GHE system such as short time period of
operation, discontinuous of 6 and 12 h operations in a day, and
Fig. 1. The schematic diagrams of the three types of GHEs: (a) U-tube (b) Double-tube (c) Multi-tube.
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their heat exchange performances. These operation modes may be
feasible in practical engineering according to different require-
ments. Therefore, it is beneﬁcial to investigate the performances of
the GHE system with the different operation modes.
The objective of this work is to investigate the thermal perfor-
mance of three types of GHEs, including U-tube, double-tube, and
multi-tube GHEs, with different operation mode such as short time
period cooling operation, short time period alternative operation,
discontinuous of 6 and 12 h operations in a day, and continuous
operation modes. Effects of the off-time period and the heating
process in alternative operationmode are described. The increasing
of the heat exchange rate and the possibility of reducing the
borehole depth in discontinuous operation are also discussed. In
addition, the effect of material pipe that used by the U-tube and
multi-tube GHEs is also presented.
2. Ground heat exchanger system
The schematic diagrams of the U-tube, double-tube, and multi-
tube GHEs are shown in Fig. 1. Steel pipes, which are used as
foundation pile for houses, were buried in the ground at a depth of
20 m and used as boreholes for the GHEs. The U-tube and multi-
tube GHEs were inserted in the steel pile, and the gaps between
the steel pile and tubes were backﬁlled with silica-sand. The U-tube
is a polyethylene pipe. The multi-tube consists of a polyvinyl
chloride pipe as the central pipe and four polyvinyl chloride pipes
placed around the central pipe. The central pipe is the outlet tube
and the four pipes around the central pipe are the inlet tubes. TheSteel pipe
Grout
Soil Model 
symmetry
Model 
symmetry
U-tube pipes Outlet pipe
Mod
symm
x
a b
Fig. 2. The horizontal cross-sections of the three types of Goutlet tube is insulated to protect heat exchange process from the
inlet tubes. In the double-tube GHE, a stainless steel pipe is used as
the inlet tube of the GHE and a small diameter polyvinyl chloride
pipe is installed inside the stainless steel pipe as the outlet tube.
3. Simulation model
3.1. GHE models
Three-dimensional unsteady-state models for the three types of
GHEs, including U-tube, double-tube, and multi-tube GHEs, were
built and simulated to investigate heat exchange from GHEs to
ground around the borehole or vice versa. The commercial CFD
software FLUENT that uses a ﬁnite volume method to convert the
governing equations to numerically solvable algebraic equations
[17] was used in simulation of the GHE model. The ground around
the GHEs is modeled of 5 m in radius. Fig. 2 shows the horizontal
cross-sections of the three types of GHE models. The models of
simulation are taken of the symmetry of the heat transfer with
a vertical plane of borehole as shown in this ﬁgure. Three-
dimensional hybrid mesh generation was applied in the GHE
models. Numerical mesh in a cross-section of the borehole and
ground is shown in the Fig. 3. Adaptive time stepping method was
used in the simulation. All the related geometric parameters and
material thermal properties for the GHEs are listed in Tables 1e3.
The ground proﬁles around the borehole consist of Clay and Sandy-
clay. Ground proﬁle from ground level to 15 m in depth is Clay and
below 15 m is Sandy-clay. The properties of the ground are pre-
sented in Table 4.Stainless pipe / 
inlet pipe
Soil
Model 
symmetry
el 
etry
A, B, C, D : 4 (four) Inlet pipes
Steel pipe
Grout
Soil Model 
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c
HE models: (a) U-tube (b) Double-tube (c) Multi-tube.
Fig. 3. Numerical mesh in a cross-section of the ground and borehole: (a) U-tube (b) Double-tube (c) Multi-tube.
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A constant and uniform temperature was applied to the top and
bottom surfaces of the model. Ground temperatures from ground
level to 5 m in depth were strongly inﬂuenced by ambient climate
and the ground temperatures below 5m in depth are assumed to be
constant. The initial ground temperature is assumed to be similarTable 1
Related geometric parameters and material thermal properties [18] of the U-tube
GHE.
Parameters Value Unit
Inlet and outlet pipes (material: Polyethylene)
Outer diameter, do 0.033 m
Inner diameter, di 0.026 m
Thermal conductivity, kPE 0.35 W/(m K)
Speciﬁc heat, CP 2300 J/kg K
Density, r 920 kg/m3
Leg spacing, x 0.02 m
Pile foundation (material: Steel)
Outer diameter, do 0.1398 m
Inner diameter, di 0.1298 m
Thermal conductivity, kSteel 54 W/(m K)
Speciﬁc heat, CP 465 J/kg K
Density, r 7833 kg/m3
Grout (material: Silica sand)
Thermal conductivity, kgrout 1.4 W/(m K)
Speciﬁc heat, CP 750 J/kg K
Density, r 2210 kg/m3
Table 2
Related geometric parameters and material thermal properties [18] of the Double-
tube GHE.
Parameters Value Unit
Inlet pipe/pile foundation (material: Stainless Steel)
Outer diameter, do 0.1398 m
Inner diameter, di 0.1298 m
Thermal conductivity, kStainless 13.8 W/(m K)
Speciﬁc heat, CP 460 J/kg K
Density, r 7817 kg/m3
Outlet pipe (material: Polyvinyl chloride)
Outer diameter, do 0.048 m
Inner diameter, di 0.04 m
Thermal conductivity, kpipe 0.15 W/(m K)
Speciﬁc heat, CP 960 J/kg K
Density, r 1380 kg/m3with this temperature proﬁle. This typical conditionwas used in the
simulation and similar with that of in the recorded data from
experimental study carried out at Saga city, Japan.3.3. Heat exchange rate
The thermal performances of the GHEs were investigated by
calculating their heat exchange rates through the water ﬂow. The
heat exchange rate is calculated by the following equation
Qw ¼ _mcpDT (1)
where _m is ﬂow rate, cp is speciﬁc heat, and DT is the temperature
difference between the inlet and outlet tubes of circulated water.Table 3
Related geometric parameters and material thermal properties [18] of the Multi-
tube GHE.
Parameters Value Unit
Inlet pipe (material: Polyvinyl chloride)
Outer diameter, do 0.025 m
Inner diameter, di 0.02 m
Thermal conductivity, kpipe 0.15 W/(m K)
Speciﬁc heat, CP 960 J/kg K
Density, r 1380 kg/m3
Outlet pipe (material: Polyvinyl chloride)
Outer diameter, do 0.02 m
Inner diameter, di 0.016 m
Thermal conductivity, kpipe 0.15 W/(m K)
Speciﬁc heat, CP 960 J/kg K
Density, r 1380 kg/m3
Adjacent pipe distance, l1 0.05 m
Opposite pipe distance, l2 0.07 m
Pile foundation (material: Steel)
Outer diameter, do 0.1398 m
Inner diameter, di 0.1298 m
Thermal conductivity, kSteel 54 W/(m K)
Speciﬁc heat, CP 465 J/kg K
Density, r 7833 kg/m3
Grout (material: Silica sand)
Thermal conductivity, kgrout 1.4 W/(m K)
Speciﬁc heat, CP 750 J/kg K
Density, r 2210 kg/m3
Table 4
The properties of the ground [19].
Parameters Value Unit
Clay (temperature: 293 K; water content: 27.7%)
Density, r 1700 kg/m3
Speciﬁc heat, CP 1800 J/kg K
Thermal conductivity, kClay 1.2 W/m.K
Sandy-clay (temperature: 293 K; water content: 21.6%)
Density, r 1960 kg/m3
Speciﬁc heat, CP 1200 J/kg K
Thermal conductivity, kSandy-clay 2.1 W/m.K
Table 5
Heat exchange rates in discontinuous 2 h operation in cooling mode based on the
numerical results.
Heat exchange rate (W/m)
a) Minimum heat exchange rate of discontinuous 2 h operation in cooling mode
Operation time (hour) 2 6 10 14 18 22
U-tube 35.5 32.5 31.0 30.0 29.2 28.7
Double-tube 63.0 53.5 494 46.9 45.2 43.9
Multi-tube 34.2 31.4 30.0 29.0 28.3 27.8
b) Heat exchange rate of continuous operation at the same time
Operation time (hour) 2 6 10 14 18 22
U-tube 35.7 29.9 27.5 26.1 25.2 24.5
Double-tube 63.6 46.8 41.8 39.0 37.2 35.8
Multi-tube 34.2 28.9 26.8 25.5 24.6 23.9
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deﬁned as the following equation and it is used to express the
performance of each GHEs.
Qw ¼ Qw=L (2)
where L is the depth of each GHE.
Heat exchange rate through the pipe surface of the GHEs is also
determined. This heat exchange rate is deﬁned as heat through the
surface of pipe per unit length of borehole depth and given by the
following equation.
Qs ¼
1
L
Z
A

 k

vT
vr

r¼R

dA (3)
where k is thermal conductivity, R is borehole radius, A is pipe
surface area.
4. Simulation on short time period of operation
Short time period of operation includes discontinuous 2 h
operation in cooling mode and alternative operation mode. The
alternative operation mode was implemented with operating theFig. 4. Heat exchange rate of the GHEs in discontinuous 2 h operatiGHE system in cooling process and heating process to produce hot
water. The GHE system was also simulated in 24 h continuous
operation. In the simulation model of short time period of opera-
tion and 24 h continuous operation, the inlet water temperature
was set to be constant of 27 C. Ground temperatures from ground
level to 5 m in depth were strongly inﬂuenced by ambient climate
and the ground temperatures below 5m in depth are assumed to be
constant of 18e19 C. Ground surface temperature was 14.5 C. The
ﬂow rate of circulated water was set to 4 l/min. For the multi-tube,
this ﬂow rate is the total ﬂow rate of the four inlet pipes. These
conditions were similar with that of in the experimental data on
April 2010. In addition, the inlet water temperature in the heating
process of alternative operation mode was assumed to be constant
of 12 C.
4.1. Discontinuous 2 h operation in cooling mode
The GHEs were operated in discontinuous with 2 h operation
time in cooling process and 2 h off-time. In the simulation, the ﬂow
rates were set to 0 l/min in the off-time. It is equal with stopping
the water ﬂowing in experimental.on in cooling mode: (a) U-tube (b) Double-tube (c) Multi-tube.
Fig. 5. Heat exchange rate of the double-tube GHE in the off-time period of discon-
tinuous 2 h operation.
Table 6
Heat exchange rates in discontinuous 2 h operation in cooling mode and alternative
operation mode.
Heat exchange rate (W/m)
a) Heat exchange rate in the discontinuous 2 h operation in cooling mode
Operation time (hour) 2 6 10 14 18 22
U-tube 35.5 32.5 31.0 30.0 29.2 28.7
Double-tube 63.0 53.5 494 46.9 45.2 43.9
Multi-tube 34.2 31.4 30.0 29.0 28.3 27.8
b) Heat exchange rate in cooling process of the alternative operation mode
Operation time (hour) 2 6 10 14 18 22
U-tube 35.5 35.9 35.9 35.7 35.7 35.5
Double-tube 62.8 67.2 67.9 68.0 67.8 67.7
Multi-tube 34.2 34.6 34.5 34.4 34.3 34.2
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experimentally and numerically in discontinuous and continuous
operation are shown in Fig. 4 (a), (b), and (c), respectively. Exper-
imental data was recorded on April 11th 2010 for discontinuous
operation and on April 9th 2010 for continuous operation. In
continuous operation, the heat exchange rates are high in the
beginning of operation and then, decline slightly. The performance
of the GHEs descends gradually due to the heat buildup in the
ground around the borehole with operating time. In discontinuous
operation, the off-time period alleviated the heat buildup in the
ground around the borehole and contributed to the increasing the
heat exchange rate. Comparing the numerical results with the
experimental results shows the reasonable agreement and there-
fore, the numerical models are capable to determine the perfor-
mances of the GHEs. Small differences between the numerical andFig. 6. Heat exchange rates in discontinuous 2 h operation in cooling mode anexperimental were caused by discrepancies of several uncertain
factors such as local ground thermal properties, boundary and
initial conditions, etc. In experiment, temperature of the ground
below 5 m was not exactly uniform. Also, inlet water temperature
of the GHEs in the beginning of operation is not exactly of 27 C. For
the double-tube type, the inlet pipe contained a large quantity of
water before starting the operation that contributed to its heat
exchange rate in the beginning of operation. The deviation of heat
exchange rate between the experimental and simulated results is in
the range of 2e18% for U-tube, 3e13% for double-tube, and 11e17%
for multi-tube.
Using the GHEs in discontinuous 2 h operation in cooling mode
increases its heat exchange rate. The heat exchange rates of the
GHEs are shown in Table 5. As an example of simulation results, the
minimum heat exchange rate at 22 h operation time increases of
17.1% for the U-tube, 22.6% for the double-tube, and 16.3% for the
multi-tube compared with that of in continuous operation at the
same time of operation. This fact indicates that operating the GHEsd alternative operation mode: (a) U-tube (b) Double-tube (c) Multi-tube.
Fig. 7. Heat exchange rates through the water ﬂow and the pipe surface of double-tube
in alternative operation mode.
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thermal performances.
Heat exchange process from the GHEs to the ground exists in the
off-time period. In order to investigate this process, the heat
through the surface of pipe per unit length of borehole depth, Qs, as
mentioned in the previous section is calculated. A small amount of
heat was rejected to the ground in the U-tube and multi-tube GHEs
in the off-time period. However, the rejected heat is signiﬁcant in
the double-tube GHE. It is due to the large quantity of stored water
inside the inlet pipe. Heat from the storedwater was still rejected to
the ground in this time period. Fig. 5 shows the heat exchange rate
in the off-time period of the double-tube. Heat was rejected to the
ground about 32% in average in the off-time period. This heat
exchange process contributed signiﬁcantly to the increasing the
heat exchange rate in the next operation time.Fig. 8. Heat exchange rate of the GHEs in 6 and 12 h operati4.2. Alternative operation mode
The GHEs were operated in 2 h in cooling process and 2 h in
heating process. The inlet temperatures were set to be constant of
27 C in the cooling process and of 12 C in the heating process. The
heat exchange rates of the three types of GHEs are shown in Fig. 6
(a), (b), and (c), respectively. The heat exchange rate in discontin-
uous 2 h operation in cooling mode as discussed in the previous
section is also shown in this ﬁgure to investigate the effect of the
heating process in alternative operation mode. The heat exchange
rates of the GHEs in cooling process increase after operating in
heating process.
Extracting heat from the ground in heating process, inwhich the
ground temperature around the borehole is decreased, balances
with the increase of heat exchange rate in cooling process. As an
example of simulation results, the heat exchange rate in cooling
process of the alternative operation mode at 22 h operation time
increases of 23.7% for the U-tube, 54.2% for the double-tube, and
23.0% for the multi-tube compared with that of in the discontin-
uous 2 h operation in cooling mode. These heat exchange rates of
the three types of GHEs for both operation modes are shown in
Table 6. The alternative operation mode provides a balance of
ground temperature around the borehole and awide variety of GHE
system application.
In the double-tube GHE, a large quantity of water is stored. The
stored water affects signiﬁcantly the increasing of heat exchange
rate in the beginning of operation. After speciﬁc time of operation,
the heat exchange rate decreases gently. In order to investigate the
effect of this stored water, heat exchange rates through the water
ﬂow, Qw, and the inlet pipe surface of the GHEs, Qs, are compared.
These heat exchange rates are shown in Fig. 7. The heat exchange
rate through the water ﬂow is high. Difference between these heat
exchange rates shows the stored water effect.ons in a day: (a) U-tube (b) Double-tube (c) Multi-tube.
Fig. 9. Heat exchange rate of the GHEs with different tube materials.
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a day
The heat exchange rates of the three types of GHEs were
investigated numerically with operating the GHEs in 6 and 12 h in
a day during four days discontinuous operation and four days
continuous operation. The heat exchange rates of the GHEs are
shown in Fig. 8 (a), (b), and (c), respectively. The inlet water
temperature was set to be constant of 27 C and the ﬂow rate was
set to 5 l/min. Ground temperatures from ground level to 5 m in
depth were strongly inﬂuenced by ambient climate and the ground
temperatures below 5 m in depth are assumed to be constant of
17.7 C. Ground surface temperature was 25 C. These conditions
were similar with the actual condition on September 2010.
The off-time period in discontinuous operation alleviates the
heat buildup in the ground around the borehole and contributes to
the increasing the heat exchange rate of the GHEs. The duration of
the off-time period also contributes to the increasing the heat
exchange rate. It is shown by the higher of heat exchange rate of the
operation of 6 h than that of 12 h. To investigate the different
characteristic of heat exchange performances of the GHEs, their
heat exchange rates are compared as presented in Table 7. As an
example of simulation results, the minimum heat exchange rate in
the discontinuous operation is compared with that of in the
continuous operation. At the last day, the minimum heat exchange
rates in 6 h operation increases of 32.6% for the U-tube, 39.8% for
the double-tube, and 32.1% for the multi-tube, and in 12 h opera-
tion increases of 14.0% for the U-tube, 15.1% for the double-tube,
and 13.9% for the multi-tube. Increasing the heat exchange rate in
discontinuous operation may improve the thermal performance
and provide the possibility of reducing the borehole depth of the
GHEs.
6. The effect of material pipe
The material of pipe that used by the GHEs affects to their heat
exchange rates signiﬁcantly due to its thermal conductivity. The
heat exchange rates with using different tube materials which are
polyvinyl chloride and polyethylene are shown in Fig. 9. It should be
noted that the previously mentioned results are for the poly-
ethylene U-tube and for the polyvinyl chloride multi-tubeTable 7
Heat exchange rates in discontinuous of 6 and 12 h operations in a day.
Heat exchange rate (W/m)
Discontinuous of 6 h operation in a day
a) Minimum heat exchange rate of 6 h operation
Operation time (day) 0.25 1.25 2.25 3.25
U-tube 28.5 27.1 26.4 25.9
Double-tube 53.0 48.7 46.7 45.4
Multi-tube 27.0 25.7 25.1 24.7
b) Heat exchange rate of continuous operation at the same operation time
Operation time (day) 0.25 1.25 2.25 3.25
U-tube 28.5 22.2 20.5 19.6
Double-tube 52.9 38.0 34.4 32.5
Multi-tube 27.0 21.2 19.6 18.7
Discontinuous of 12 h operation in a day
a) Minimum heat exchange rate of 12 h operation
Operation time (day) 0.5 1.5 2.5 3.5
U-tube 25.5 23.6 22.7 22.1
Double-tube 45.3 40.5 38.3 37.0
Multi-tube 24.3 22.5 21.7 21.1
b) Heat exchange rate of continuous operation at the same operation time
Operation time (day) 0.5 1.5 2.5 3.5
U-tube 25.5 21.7 20.2 19.4
Double-tube 45.3 36.8 33.8 32.1
Multi-tube 24.3 20.7 19.3 18.5according to the experiment. The heat exchange rate after four days
operation of the U-tube is lower about 16% by changing the
materials. On the other hand, that of the multi-tube is higher about
12% by using better material, polyethylene. The multi-tube gives
a better performance compared to the U-tube with using the same
tube material.7. Conclusions
The heat exchange rates of the three types of GHEs with
different operation mode such as short time period of operation,
discontinuous of 6 and 12 h operations in a day, and continuous
operation modes have been investigated. The heat exchange rates
were investigated numerically using the commercial CFD software
FLUENT. In this study, heat exchange rates from experimental data
are also presented. The numerical results show the reasonable
agreement with the experimental results. Small differences
between the numerical and experimental were caused by several
uncertain factors such as local ground thermal properties,
boundary and initial conditions, etc. The deviation of heat exchange
rate between the experimental and simulated results is in the range
of 2e18% for U-tube, 3e13% for double-tube, and 11e17% for multi-
tube.
Some concluding remarks of this study are as follows:
(1) Operation the GHEs in discontinuous 2 h operation in cooling
mode increases its heat exchange rate. As an example of
simulation results, the minimum heat exchange rate at 22 h
operation time increases of 17.1% for the U-tube, 22.6% for the
double-tube, and 16.3% for the multi-tube. Alleviating the heat
buildup around the borehole in the off-time period contributed
to the improving the thermal performance.
(2) GHE systems operated in alternative operationmode of cooling
process and heating process to produce hot water were
investigated to develop a wide variety of GHE system applica-
tion and to provide a balance of ground temperature around
the borehole. This operation mode increases the GHE perfor-
mance in cooling process. As an example of simulation results,
the heat exchange rate in cooling process at 22 h operation
time increases of 23.7% for the U-tube, 54.2% for the double-
tube, and 23.0% for the multi-tube. Extracting heat from the
ground in heating process, in which the ground temperature
around the borehole is decreased, balances with the increase of
heat exchange rate in cooling process.
(3) The GHE performance increases with operating in discontin-
uous of 6 and 12 h in a day. At the last day of operation in the
simulation results, the minimum heat exchange rates in 6 h
operation increases of 32.6% for the U-tube, 39.8% for the
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tion increases of 14.0% for the U-tube, 15.1% for the double-
tube, and 13.9% for the multi-tube. This fact indicated that
this discontinuous operation improve the GHE performance
and also provide the possibility of reducing the borehole depth
of the GHEs.
Finally, operating the GHEs with different operation mode
shows the different characteristic in their heat exchange rates. It
can be constructive information for design of the GHE system in
practical engineering. In addition, the material of pipe that used by
the GHE also contributes signiﬁcantly to the heat exchange rate of
the GHEs. In comparison between the performance of the U-tube
and multi-tube with using different tube materials, the multi-tube
gives a better performance compared to the U-tube with using the
same tube material.
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